To better understand cavitation nucleation and crack initiation in 35CrMo steel during high-temperature tensile processing and the effect of stress triaxiality on its fracture behaviors, uniaxial and notch high-temperature tensile tests were performed. e microstructure, fracture morphology, fracture strain, and stress triaxiality of the tested 35CrMo steel were then characterized and discussed. e results showed that crack formation in 35CrMo steel included stages of nucleation, growth, and microcavity aggregation. Scanning electron microscopy and energy-dispersive X-ray spectroscopy demonstrated that crack formation was closely related to the presence of steel inclusions. High-temperature tensile testing of samples with different notch radii showed that the fracture strain of 35CrMo steel was decreased with increasing stress triaxiality, that is, increased stress levels corresponded to decreased material plasticity. In addition, the recrystallization degree was decreased with increased stress triaxiality, and the grain size growth was slowed. e failure of 35CrMo steel occurred via ductile fracture, and low stress triaxiality, and high temperature conditions induced large and deep dimples on the fracture surface.
Introduction
Because it offers excellent comprehensive mechanical properties, 35CrMo steel is often used to manufacture important structural parts, such as the rotors of turbo generators, spindles, transmission shafts with heavy loads, and largesection parts [1] [2] [3] [4] . To manufacture these key components, it is necessary to consider the complexity of the forging process. Crack initiation can occur in materials when the forging deformation process parameters are incompatible with the material properties. To avoid cracks and holes, it is important to study the factors affecting the properties and fracture mechanism of 35CrMo steel during hot working [5, 6] .
e study of the effects of crack initiation and stress state on ductile fractures began with Ludwik and Scheu [7] , who assumed that ductile metal fracture was controlled by the stress-strain curve. Correlative studies have shown that crack formation during thermoforming always occurred by the nucleation, growth, and coalescence of microcavities, as shown in Figure 1 [8, 9] . From the perspective of mesoscopic damage mechanics, studies have confirmed a correlation between the presence of cracks and second-phase particle inclusions [10] . Recently, Pardoen and Hutchinson [9] , Benzerga [11] , and Gao and Kim [12] demonstrated that the Gologanu-Leblond-Devaux model showed significantly improved accuracy in its description of void growth and the corresponding material behavior during ductile fracture. In addition, similar relationships between material fracture and thermal processing parameters have been reported for EH36 alloys [13] , Ni-based superalloys [14] , Al-7.0%Si-0.3%Mg foundry Al alloys [15] , and other alloys [16, 17] . ese successful studies have demonstrated that thermotensile tests are important in understanding metal thermoforming and are powerful tools that can guide thermal processing. Zhang et al. [18] and Duan and Liu [19] also used the theory of mesoscopic damage mechanics to study the ductile fracture behavior of 316LN stainless steel.
Stress triaxiality is the most commonly used stress-state parameter for ductile metals. Several scholars have confirmed that it can reflect complex material stress states. McClintock [20] and Rice and Tracey [21] studied the microstructural growth and identified strong relationships between stress triaxiality and ductile metal fracture strain and behavior. Hancock and Mackenzie [22] also found via a series of notched-sample tensile tests that metal ductility was affected by the triaxiality state of the sample. Recent experimental and numerical studies by Mirza et al. [23] on pure Fe, mild steel, and the BS1474 Al alloy in a wide range of strain rates, and by Bao and Wierzbicki [24, 25] and Bao [26, 27] on 2024 Al alloy during quasistatic loading reaffirmed the strong relationship among equivalent strain, stress triaxiality, and crack formation. In these studies, stress triaxiality was used to define the failure function of the material. e hot tensile tests of 35CrMo steel are only found in Xiao's study. Xiao et al. [28] studied the hot tensile and fracture behaviors of 35CrMo steel at high temperatures and strain rates. However, the initiation and propagation of cracks under different strain and stress states have not been reported.
erefore, the effect of strain and stress triaxiality on the fracture behavior of 35CrMo steel under hot tensile deformation requires further study.
Hence, in this paper, the effects of strain, temperature, and stress triaxiality on the fracture behavior of 35CrMo steel were investigated by uniaxial and notched hightemperature tensile testing.
e microstructure evolution and fracture behavior of 35CrMo steel under different tensile conditions were studied after stretching by means of metallographic structure and fracture scanning analysis.
Experimental Materials and Procedures

High-Temperature Tensile Test.
A commercial 35CrMo alloy with the composition 0.34C-0.21Si-0.56Mn-0.95Cr-0.19Mo-0.0051S-0.019Si-(bal.) Fe (wt.%) was used in this investigation. e shape and size of the high-temperature tensile samples are shown in Figure 2 .
Tensile tests were performed using a Gleeble 3500 testing machine (Huazhong University of Science and Technology, Wuhan, China). Hot tensile tests of the samples shown in Figure 2 (a) were performed at 1000°C and the strain rate of 0.5 s −1 to the tensile strain values of 0.2, 0.4, 0.54, 0.6, 0.8, and 0.97. Hot tensile tests of the samples shown in Figure 2 (b) were performed at temperatures of 850°C, 950°C, 1050°C, and 1150°C with the strain rate of 0.5 s −1 and notch radii of 1 mm, 2 mm, 4 mm, and 6 mm. All samples were heated to 1150°C at 10°C/s, soaked for 120 s to eliminate thermal gradients, and then cooled to the set deformation temperature at 10°C/s. Before tensile testing, samples were maintained at the deformation temperature for 120 s. en, the tensile tests were performed as shown in Figure 3 . Immediately after the tensile tests, each sample was quenched in Ar to retain the deformed microstructure. e deformed samples were cut in the axial direction, polished, and etched in a solution consisting of picric acid (5 g), H 2 O (100 mL), and HCl (1 mL) at 60-80°C for 3-8 min to perform both optical microscopy (OM, Olympus, Tokyo, Japan) and SEM (EVO MA10, EISS, Jena, Germany) observations.
Initial Stress Triaxiality.
e necking phenomenon of stretched materials is complicated. In this case, the complex stress can be simplified to the three-dimensional stress state shown in Figure 4 . When the stress states of the material changes, the plastic deformation and fracture strain of the materials will also change. To further understand the three-dimensional stress and its relationship to void initiation, the parameter R σ , known as the stress triaxiality, is introduced, and the following expression is given [29] :
where a is the radius of the minimum cross section of the part undergoing necking, r is the radial value from the axis of the smallest cross section of the neck to the edge, and R is the curvature radius of the minimum cross section of the necking zone. When r � 0, the maximum R σ value is obtained:
During high-temperature tensile testing, the stress triaxiality R σ is the highest in the center part (r � 0) of the necking region, and the holes form in the center for the maximum stress triaxiality, and then connection grows and then diffuse to the surface of the sample, eventually leading to fracture of the sample. ere is a strong correlation between stress triaxiality and crack initiation in sample fracture. As shown in Figure 5 (e), large and deep interconnected cracks appear in the center of the necking region. When the crack occurs, the axial tensile stress plays a leading role in the crack propagation, and the crack propagates along the direction of the maximum tensile stress.
e initial central stress triaxiality R σ can be calculated by inserting the initial radius r and the initial notch radius R of the minimum section into formula (1) .
e initial minimum radius r of all notched samples is equal to 3 mm, Advances in Materials Science and Engineeringand the initial notch radii R are 6 mm, 4 mm, 2 mm, and 1 mm, respectively. According to formula (2), the corresponding initial stress triaxiality values are 0.55, 0.65, 0.89, and 1.30, respectively. In other words, the initial stress triaxiality increases with the decrease of the notch radius of the sample. Figure 6 shows the tensile curves at various strain levels. In the initial stage of deformation, the stress increases rapidly until it has reached 40 MPa, and then the increase gradually becomes gentle. e stress reaches its maximum value when the strain reaches 0.54. Beyond this level, the stress decreases sharply as the strain increases. Figure 6 shows an experimental fracture strain of ε f 0.97. e necking phenomenon is the signi cant contraction occurring in a local region of a sample when the applied load is maximized. As shown in Figure 7 , necking becomes increasingly obvious as the strain increases. A stress peak appears in the tensile sample when the strain reaches 0.54. Research has shown that the material begins to fail after this stress peak appears in tensile testing. Microcracks are formed in the sample, and necking is observed macroscopically. Once microcrack formation begins, additional external stress causes the development of macroscopic cracks and eventual material fracture and failure. e surface of the sample begins to show obvious macroscopic cracks when the strain reaches 0.6. When the strain reaches 0.8, necking is very serious. Although there are no obvious cracks formed in the sample at this time, the crack propagation within the sample is severe, as proven by the observation of the microstructure. As the strain continues to increase, fracture occurs at the value of 0.97. e microstructures of the hot deformation zones were observed after axial wire cutting of the 35CrMo steel samples to further understand the high-temperature plastic deformation crack initiation and propagation mechanisms.
Results and Discussion
Cavity Nucleation and Crack Initiation.
e results are shown in Figure 5 . When the strain reaches 0.2 and high-temperature plastic deformation begins, some austenite grains begin to grow. However, the strain is not yet su cient to produce large microcracks. When the strain reaches 0.4, the grains grow more than they do at the strain of 0.2, and some tiny voids emerge in the microstructure. e stress peak appears when the strain reaches 0.54. e grains are elongated in the axial direction, and many grains grow signi cantly. Because the amount of deformation is small, the number of recrystallized nuclei formed is small, and minute voids begin to form. Figure 5 shows that recrystallization occurs during void nucleation and growth. In addition, signi cant recrystallization nucleation initiation occurs at the grain boundaries when the strain increases to 0.6. At the same time, voids nucleate and form primarily in the axial direction. e voids grow further when the strain is increased to 0.8, and all recrystallization occurs in the heat-a ected zone. When the voids grow and converge, the strain reaches 0.97 and the samples undergo axial tensile stress fracture.
E ect of Heterogeneous Phases on Voids Initiation.
Via the high-temperature thermal stretching and necking process, organization analysis can be determined. As shown in Figure 5 (c), crack nucleation and initiation do not occur at the grain boundaries in 35CrMo steel, but rather in the grain interiors. High dislocation densities occur near the heterophases of the grains because of the high temperature and strain rate.
is causes the dislocation density to increase where its product can accumulate easily. Voids are nucleated as the dislocation accumulation increases, and cracks form at the grain boundaries as the strain and stress concentration caused by cavity growth increases.
e fracture was observed using SEM to survey and evaluate the void nucleation mechanism.
e resulting images are shown in Figure 8 . e inclusions in molten steel are primarily composed of various deoxidizers such as FeSi, Al, and SiMn and re ning agents such as CaF 2 and NaCl, which are oxidized to Al 2 O 3 , SiO 2 , MnO, Al 2 O 3 -SiO 2 -MnO, and Ca compounds during smelting.
ese endogenous inclusions can also form secondary deoxidization products during the latter solidi cation stages.
ese deoxidized oxides may not be able to precipitate from the ingot during subsequent cooling, thus forming inclusions. An inclusion particle was analyzed via energy-dispersive X-ray spectroscopy (EDS). As shown in Figure 8 , the inclusions in 35CrMo steel are primarily endogenous. e alloying elements of Ca and Al are oxidized to form inclusions such as Ca compounds and Al 2 O 3 . eir e ects on the mechanical properties, plasticity, toughness, and fatigue limit of the ingot are signi cant during thermal processing and heat treatment. ese inclusions can cause stress concentration and microcrack formation, resulting in ingot failure.
erefore, the use of Al-containing deoxidizers and related Ca-containing re ning agents should be strictly limited during the 35CrMo steel ingot melting process.
Rheological Behavior and Fracture Strain of Di erent
Stress Triaxiality. Figure 9 shows the true stress-strain 6 Advances in Materials Science and Engineering curves of 35CrMo steel at di erent temperatures and notch radii at the strain rate of 0.5 s −1 . At the beginning of tensile deformation, the stress growth is very rapid. When the strain is reached, the rheological stress increases slowly. As the tensile curves reach a certain strain, the initiation and accumulation of voids in the material rapidly weakens the material's resistance to deformation, and the rheological stress shows sharp decrease until material fracture occurs. Figure 9 (a) shows the true stress-true strain curves at 850°C for specimens with di erent notch radii. As shown in Figure 9 (a), the stress reaches its peak value more quickly, and the peak stress is increased as the notch radius is decreased; in other words, samples with higher stress triaxiality reach the maximum stress earlier, and the peak stress values are higher than those of samples with lower stress triaxiality. Additionally, when the peak strain is reached, the stressstrain curve decreases rapidly under the condition of high stress triaxiality, and fracture occurs under the condition of lower strain levels. is phenomenon relates not only to the stress state of the material during the tensile process, but also to the degree of recrystallization in the matrix and the degree of dislocation annihilation. As shown in Figure 9 (b), there is little di erence in the overall strain range of the curve with increasing tensile temperature. Furthermore, the peak stress gradually decreases. e analysis indicates that under the condition of low stress triaxiality, sample deformation is uniform, and the accumulated energy in the deformation is more fully used for microstructure transformation. For example, the nucleation and growth of recrystallized grains and the enhancement of high-energy boundary activity at high tensile temperatures provide favorable conditions for dislocation elimination. erefore, low stress triaxiality and high tensile temperatures are bene cial to decrease rheological resistance and increase the fracture strain.
e fracture strain value at high temperature is an important index re ecting the plastic deformation of the material. e e ects of the notch radius and temperature on the fracture strain are shown in Figure 10 . With the decrease of notch radius at the same tensile deformation temperature, the fracture strain decreases, that is, increased stress levels correspond to decreased material plasticity and easier material fracture under the same stress condition. In the same stress state, with the increase of the tensile deformation temperature, the fracture strain of the 35CrMo steel increases, the plasticity increases, and the fracture deformation resistance is strengthened. Figure 11 shows the metallographic structure near the fracture surface of a notched tensile sample after testing at a strain rate of 0.5 s −1 and a tensile temperature of 850°C. e notch radii are 6 mm, 4 mm, 2 mm, and 1 mm, respectively. Dynamic recrystallization occurs in all four notched radii regions. As the notch radius decreases, the recrystallization degree decreases with increasing stress triaxiality, and the grain size growth is slowed. At the notch radius of 6 mm, recrystallization occurs more fully, but the dynamic recrystallization of the sample with the notch radius of 1 mm remains in the starting stage.
Microstructural Observation and Analysis.
e analysis shows that when the notch radius is 1 mm, the stress triaxiality and strain concentration are both large. Strong deformation distortion can drive recrystallization nucleation, but because of the strong strain concentration, the recrystallization occurs before the material deforms. As a result, the grain structure after the nal fracture is obviously ner than that of other samples, but with increased notch radius, the strain in the heat-a ected zone becomes uniform, the fracture resistance is strengthened, and the fracture strain increases.
e dynamic recrystallization becomes increasingly complete with increased deformation; as shown in Figure 11(a) , the recrystallization of the sample with the notch radius of 6 mm is completed more fully.
Fracture Scanning and Analysis.
e samples from which the rheological curves in Figure 9 were obtained at the temperature of 850°C, and the notch radius of 2 mm were observed using SEM.
e resulting images are shown in Figures 12 and 13 . Under the selected reference conditions, the fracture mechanism and in uence law of di erent stress states and deformation temperatures on the samples can be further explained.
As shown in Figure 12 , when the deformation temperature is 850°C, the sections in di erent stress states are occupied by dimples of di erent sizes. e dimples are macroscopic features re ecting the growth and convergence of internal voids in the plastic deformation of materials. is demonstrates once again that the tensile failure of 35CrMo steel occurs by typical ductile fracture. Ductile fracture occurs in di erent forms after considering the factors of void rotation and changes in void shape, but the basic process is similar. ey all occur in the normal stress state with normal stress triaxiality and rough dimples on the fracture surface. e stress-strain curves show that the fracture strains are decreased with increasing stress triaxiality, which is obvious and 
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re ected by the microscopic void growth. As shown in Figure 12 , as the radius of the notch decreases, that is, as the stress triaxiality increases, the diameters and depths of the dimples are decreased. is is because higher degrees of stress triaxiality produce greater stress concentrations in the material, and fracture occurs at smaller strains. e voids in the material initiated under tensile stress do not accumulate and grow, nor do they extend along the tensile direction. Instead, as the stress triaxiality decreases, the fracture strain of the material increases, the time of deformation increases for the same strain rate, and the voids in the material grow and accumulate. us, the dimples are large and deep in the cross section. Figure 13 shows the fracture-scanning morphology of samples strained at temperatures from 850°C to 1150°C with the notch radius of 2 mm. Under the same stress state, the deformation temperature has a signi cant e ect on the shrinkage of the cross section of the material. It is shown that the shrinkage rate of the section is increased sharply with increasing temperature, and the necking ability of 35CrMo steel is obviously improved with increasing temperature.
When the deformation temperature is 850°C, the dimples are shallow and di erent in size. At this lower temperature, the combined deformation ability and necking ability of adjacent dimples is decreased, which decreases the damage tolerance of the material. With increased deformation temperature, the wall of dimples between adjacent dimples is torn, and the number of dimples is gradually decreased. Because of the increase of temperature, the fracture strain of the materials is increased, thereby allowing su cient time for the growth and accumulation of microvoids, especially in the tensile direction, where the dimples gradually deepen. Finally, the dimples merge into one dimple, thus allowing the individual dimples to grow. As shown in Figure 13 , when the temperature reaches 1050°C and 1150°C, the number of dimples on the fracture section decreases sharply, and the dimples obviously increase and deepen, demonstrating the good plasticity of 35CrMo steel at high temperatures. e dimple wall under high-temperature deformation shows obvious slip characteristics, which is a signi cant feature of large plastic strain, which also explains the phenomenon of the increased fracture strain value in the rheological stress curve with increased temperature, that is, the damage capacity limit of the material is enhanced at higher temperatures. 
Conclusions
Tensile tests and tensile unloading experiments were conducted to investigate the crack initiation and fracture behavior of 35CrMo steel. e main conclusions are as follows:
(1) Crack formation in 35CrMo steel proceeds by the nucleation, growth, and coalescence of microcavities during high-temperature tensile processing. With the superposition of the dislocation density, stress concentrations are produced by grain heterogeneity, and cavity nucleation occurs first. e process of void growth and coalescence leads to the fracture of the material. Inclusions, such as compounds of Ca and Al 2 O 3 , are the main heterogeneous phases that cause cavity nucleation. (2) e effect of stress triaxiality on the rheological behavior of 35CrMo steel is very significant. e sample with higher stress triaxiality reaches the peak stress first, and the peak stress is higher than that of the sample with lower stress triaxiality, and the fracture strain is lower. e temperature has little effect on the fracture strain range of 35CrMo steel, but the fracture strain increases slightly with increasing tensile temperature. (3) At the same tensile deformation temperature, the recrystallization degree of the steel decreases with the increase of stress triaxiality; the dynamic recrystallization grain size is large while the dimples in the fracture surface are small and shallow. However, the temperature is mainly reflected in the shrinkage rate of the section; the 35CrMo steel exhibits good plasticity at high temperature, and the fracture dimple is large and deep.
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